Intercellular fluid (IF) obtained from tomato (Lycopersicon esculentum L.) leaflets colonized by Cladosporium fulvum Cooke contains specific elicitors that induce necrosis in tomato cultivars resistant to the race of C. fulvum used to produce the IF. The responses of cell-suspension cultures produced from tomato lines near-isogenic for resistance genes Cf 4 and Cf 5 to IF produced from leaves infected by races 4 (virulent on Cf 4 but not Cf 5 plants), 2.4.5, and 2.4.5.9 (both virulent on Cf 4 and Cf 5 plants) were used to investigate the possibility that active oxygen (AO) species were involved in the initial host reaction to these elicitors. Concurrently, the same assays were used to determine if the cell lines retained the elicitor specificity of the original plants. An response. IF2 obtained from plants infected with a virulent race of the fungus and injected into tomato cultivars resistant to that race cause necrosis and/or chlorosis. This host response, which appears to duplicate the localized cell death (hypersensitive response) occurring in incompatible race/ cultivar combinations, is not observed on injection of susceptible cultivars (9). To date, all studies support the hypothesis that each avr gene in C fulvum codes for a different elicitor molecule and that virulence on a specific cultivar results when the fungus lacks a functional avr gene (8, 26) . One of these elicitors, the putative product of the avr9 gene (i.e. it elicits necrosis on cultivars with the Cf 9 gene), has been characterized as a small peptide (21, 26) , and cDNA of the avr9 gene was recently cloned (26).
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Little is known about how C fulvum elicitors, or elicitors from other pathogens, interact with the plant cell to initiate the cascade of events involved in the defense response. Recently, the production of AO species, particularly hydrogen peroxide (H202), superoxide (02-), and hydroxyl radicals (OH), in the early events following elicitor treatment, has received considerable experimental support. Systems in which a role for AO has been well documented include Phytophthora infestans/potato (11) , Pseudomonas spp./tobacco (17) , Colletotrichum lindemuthianum/bean (2) , and Verticillium dahliae/soybean (3) . In tomato leaves, treatment with C. fulvum-specific elicitors caused electrolyte leakage, lipid peroxidation, and increased lipoxygenase activity (20) . As reviewed by Siedow (22) , lipoxygenases and their products have been shown to generate AO species, and both lipoxygenases and AO species, particularly OH, cause lipid peroxidation. Thus, this investigation of AO production by tomato cells in the period immediately following elicitor treatment was initiated.
In the present study, the effects of specific elicitors of C fulvum were tested on cell-suspension cultures derived from lines of tomato near-isogenic for resistance genes Cf 4 
Cell Viability
Viability of cells after treatment with elicitor was determined by the accumulation of fluorescein diacetate in the cells, as described by Widholm (28) .
Biochemical Tests
Malonaldehyde, one of the products of lipid peroxidation, appears to be produced in relatively constant proportion to the degree of lipid peroxidation (16) and is thus a convenient indicator of the rate of lipid peroxidation. Malonaldehyde in treated cells was assayed by the thiobarbituric acid method as described by Aust et al. (4) .
Measurement of Cyt c reduction, a method used for the determination of 2-generation, was as described by Doke (10, 11) with 50 AL of cells (prepared as above in fresh medium) in a final volume of 1 mL.
Chemiluminescence in the presence of luminol (5 amino-2, 3-dihydro-1, 4-phthalazinedione, Sigma) was measured with a scintillation counter in the Aout-of-coincidence' mode as reported by Keppler et al. (17) , with 3-mL aliquots of cell suspension prepared as above, to which IF was added 25 min before the counting began.
Extracellular peroxidase activity was determined spectrophotometrically by the method of Van Loon and Geelen (27) with cell-free supernatant from IF-treated cells incubated for up to 4 h prior to centrifugation. Activity was calculated as mmol tetraguaiacol formed min-' g-1 protein using a molar extinction coefficient of 26.6 mm-' cm-' (7) . The total amount of phenolic compounds in the culture filtrate from IF-treated cells was determined by the Folin method of Swain and Hillis (25) with caffeic acid as the standard. Oxygen uptake was monitored on 3-mL aliquots of cells with a Clark-type oxygen electrode (Yellow Springs Instrument Co. model 5331) and recorded continuously.
Assays for Inhibition of Specific Elicited Responses
The compounds tested for ability to inhibit IF-induced effects and their final concentrations (unless shown, all chemicals were from Sigma and stock solutions were prepared in 0. 1 1 ). This induced peroxidation in Cf 5 cells was inhibited (Fig.  2) by the 02 scavengers SOD and ascorbate; by catalase, which catalyzes the decomposition of H202; by mannitol, a OH radical scavenger; by KCN, an inhibitor of Cyt respiration and peroxidases; and by SHAM, an inhibitor of cyanideresistant respiration, lipoxygenases, peroxidases, and other oxidases. The above compounds did not cause any changes in lipid peroxidation levels in cells treated with control IF (Fig. 2) . It is interesting that catalase, SOD, and mannitol reduced the degree of lipid peroxidation in the race 4 IFtreated cells to levels less than those of the controls (Fig. 2) .
Cyt c Reduction
The addition of race 4 IF to cell line Cf 5 caused a marked reduction of Cyt c, whereas control IF or IF produced with races 2.4.5 or 2.4.5.9 had no obvious effect on Cyt c reduction by cells of line Cf 4 or Cf 5 over a 10-min assay period (Fig.  3) . The race 4 IF-induced reduction of Cyt c was apparent within 2 min of treatment, and the rate of reduction was dependent on the amount of IF added (Fig. 4) . The kinetics of Cyt c reduction were nonlinear, a problem observed by Doke (11) to occur unless sodium azide, which prevents oxidation by Cyt c oxidase but which, unfortunately, also affects activity of the SOD, was added to the reaction mixture. counts/s by 1 h and to 1 x 106 counts/s by 2 h of incubation (Fig. 5) .
On the addition of race 4 IF to Cf 5 cells previously incubated with catalase, ascorbate, mannitol, KCN, or SHAM, the elicitor-induced increase in LDC was not observed (Fig. 6) . SOD reduced the elicitor-induced LDC, but not completely. Catalase also caused a reduction in LDC of oxidase activity (Fig. 7) . Although this increased activity was detectable between 1 (Fig. 7) .
Total Extracellular Phenolic Compounds
Filtrates from Cf 5 cells incubated with race 4 IF and sampled hourly for 4 h showed an increase in the total phenolic content by 2 h (Fig. 8) . No increase in phenolic compounds was observed for the compatible IF/cell combinations, race 2.4.5 or 2.4.5.9 and Cf 5 cells (Fig. 8) Oxygen Uptake Cf 4 and Cf 5 cells at the concentrations normally used had an average oxygen uptake rate of 60 nmol 02 mg-' cellular protein min-', which was constant for up to 6 h. When Cf 5 cells were incubated with race 4 IF, the oxygen uptake rate was markedly inhibited by 4 h (Fig. 9) . There was no change in the rate of oxygen uptake in any of the other IF/cell combinations (all compatible) within the 4-h period (Fig. 9) . In preliminary studies with a Cf 9 showed that oxygen uptake began to be affected by 1 h of incubation, reached a constant rate after 3 h, and was not concentration dependent over this range of dilutions (data not shown).
The effect of inhibitors on the elicitor-induced decrease in oxygen uptake was studied for those compounds (catalase, SOD, ascorbate, mannitol) that had no effect on oxygen uptake of Cf 5 cells treated with control IF. Only catalase inhibited the race 4 IF-induced effect on oxygen uptake (Fig. 10) .
DISCUSSION
The value of this experimental system was clearly dem- Although the race specificity of the cells was confirmed, tests have not yet been done to confirm activation of the defense system or of the hypersensitive (necrotic) response in the elicited cells. Lack of change in cell viability might be interpreted as suggesting that the hypersensitive response is not induced. In attached leaves of cultivars with the Cf 4 or Cf 5 gene, production of necrosis by IF produced with incompatible races generally is not obvious for several days (9) and is delayed in the dark (20) , an effect that may be associated with light regulation and/or transpiration. Cultured cells may be less susceptible to death caused by membrane damage than cells in the environment of the leaf mesophyll, in which active transpiration occurs.
The generation of AO species by infected plants, recently reviewed in detail by Sutherland (24) , is complex and relatively poorly understood, but our interpretation is based on the following general picture. A one-electron reduction of molecular oxygen can lead to the successive generation of 02-, H202, and OH. Extracellular 2-in plant cells may be generated in a number of ways, including by the action of NADPH oxidase, a reaction suggested by Doke (11) to occur in potato tissue, or as a result of generation of NAD /NADP radicals from reduced NADH/NADPH via peroxidase activity (14, 16, 23) . For plant cells, it has been proposed that malate dehydrogenase present in the cell wall could be an extracellular source of reduced NADH (14). Dismutation of 02-by SOD, or by spontaneous reaction, is a primary source of H202. The OH radical, the most reactive of the AO species (16) and the one most likely to cause lipid peroxidation, can be produced from H202 by the Fenton reaction or from 02 and H202 by the Haber-Weiss reaction (16) .
In our study, early involvement of AO species in the incompatible interaction was indicated by the inhibition of all parameters tested by one or more compounds involved in scavenging or inhibiting production of AO species. Inhibition of elicitor-induced lipid peroxidation and extracellular phenolic compounds by SOD (and ascorbate), catalase, and mannitol suggested the initial involvement of 02-, H202, and OH, respectively. Because exogenously supplied SOD, catalase, and mannitol are unable to cross the cell membrane, it appears that the AO species of interest must be extracellular. Thus, extracellular production of the AO species is indicated; although H202 can rapidly cross cell membranes, 02-usually cannot do so, and OH is too reactive to migrate (16) .
Inhibition of elicitor-induced lipid peroxidation and production of phenolic compounds by KCN and SHAM may be via an effect on peroxidases involved in AO production because both compounds inhibit peroxidases (6, 18) . The early appearance of increased extracellular peroxidases in elicited cells may be additional evidence for the involvement of peroxidases. Alternatively, KCN and SHAM may alter elicitor-induced effects indirectly by their effects on Cytbased respiration and on alternative respiratory pathways, respectively. It is interesting that IF-induced inhibition of oxygen uptake, a parameter that reflects not only the respiration rate but also the rates of any other reactions generating or consuming oxygen, was counteracted by catalase (an 02-generating system) but not by SOD, ascorbate, or mannitol. This may indicate that the effect on oxygen uptake, although race specific, is not directly related to AO production.
More direct evidence for the production of 02-by elicited cells was obtained by the reduction of Cyt c, an assay generally considered to be specific for 2-when the reduction is inhibited by SOD (1), as was the case in this study. The very rapid appearance of Cyt c-reducing activity also suggested that this may be a primary response to elicitor. The inhibition of elicitor-induced Cyt c reduction by catalase also suggests that the observed 02-production may involve a H202/peroxidase-mediated formation of a NAD or NADP radical.
LDC is associated with a peroxidase-catalyzed oxidation of luminol and requires several intermediates, including 02- (13) . The interconversions between 02-and H202 in living cells make it almost impossible to distinguish the degree to which either of these AO species is involved in the increased LDC. Recently, Glazener et al. (13) pointed out that in assays with living cells LDC is a measurement of the amount of AO that is not subject to scavenging mechanisms and is available for further reactions. In this study, IF-induced increases in LDC were inhibited as expected by catalase, SOD, and the peroxidase inhibitors KCN and SHAM. Inhibition of chemiluminescence by mannitol is less easily explained, although biologically induced LDC in neutrophils was inhibited about 30% by mannitol (15) . The possibility that the increases in LDC are simply a reflection of the observed increase in peroxidase activity was not eliminated. Glazener et al. (13) have recently shown the necessity of adding exogenous peroxidase to LDC assays to overcome this problem.
Overall, the results suggest that extracellular production of AO species is an important aspect of the initial reaction of tomato cells to specific elictiors of C fulvum. Although the rapid reduction of Cyt c suggests that O2-is the initial AO species formed, electron spin resonance studies are needed to verify that conclusion. These data are somewhat similar to the reported response of potato tissue to cell wall components of P. infestans, a nonrace-specific interaction in which O2
generation was reported to be a result of the activity of a NADPH oxidase (11) . Both situations contrast with the results of Apostol et al. (3) , in which elicitors from V. dahliae appeared to cause rapid production of H202 by soybean cells, a phenomenon that was relatively unaffected by the addition of SOD, although a NADH/NADPH oxidase system was proposed to be involved in the 'oxidative burst." Our data, particularly those obtained with catalase, KCN, and SHAM, support a role for peroxidases in AO generation. As well, the relationship of other oxidases, such as lipoxygenase, which is known to appear early in elicitor-treated leaves (20) , to this phenomenon merits further exploration. Also, the specificity of the cell lines to the C fulvum elicitors make this an ideal model system for studying many other aspects of elicitormediated signal transduction.
